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Abstract 
Background: Joint stiffness limits activities of daily living. Once joint stiffness occurs, 
recovery of full range of motion (ROM) is difficult even after sufficient rehabilitation or 
surgical intervention. Although inflammation, fibrosis, and hypoxia in the joint capsule are 
presumed to be the main pathologies for joint stiffness, it has not been fully elucidated. 
Low-intensity pulsed ultrasound (LIPUS), which has a lower intensity pulse wave than 
conventional ultrasound, is generally accepted as a safe tool to treat bone fractures. Recent 
studies have demonstrated that LIPUS reduces inflammatory response and induces 
angiogenesis. 
Purpose: This study aimed to examine the effect of LIPUS in preventing joint stiffness in rats 
with immobilized knees. 
Material and methods: Unilateral knee joints of male rats were rigidly immobilized at 150° 
flexion with plastic plate and metal screws and randomly divided into two groups: with 
LIPUS (LIPUS group) and without LIPUS (Control group). In the LIPUS group, LIPUS was 
emitted on the immobilized knee joint for 20 min/day, 5 days/week until the endpoint under 
general anesthesia. In the control group, only general anesthesia was administered in the same 
manner. Each group (2, 4, and 6 weeks; n=6/ period) was prepared for joint angle 
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measurement; histological, histomorphometric, and immunohistochemical analyses; and 
quantitative reverse transcription polymerase chain reaction (qRT-PCR) for expression of 
genes related to joint stiffness. Moreover, tissue elasticity of the joint capsule was examined 
using scanning acoustic microscopy (SAM). 
Results: The LIPUS group had significantly greater joint angle and longer synovial length at 
4 and 6 weeks. The sound speed of the joint capsule in the LIPUS group was significantly 
lower, indicating that the elasticity of the joint capsule was maintained. qRT-PCR showed 
that the LIPUS group had significantly lower gene expressions related to inflammation 
(interleukin-6, tumor necrosis factor-α, and tumor necrosis factor-β) and fibrosis (connective 
tissue growth factor and transforming growth factor-β), and higher gene expressions related to 
vascularization (vascular endothelial growth factor and alpha-smooth muscle actin). The 
number of blood vessels was higher, and the number of cluster of differentiation 68-positive 
cells was lower in the LIPUS group than in the control group. 
Conclusion and clinical implication: LIPUS can prevent joint stiffness. LIPUS has been 
suggested to have multifaceted effects of decreasing adhesion, elastic changes, fibrosis, and 
inflammatory and hypoxic response after joint immobilization. 
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Introduction 
Joint immobilization is a common treatment option for musculoskeletal disorders, 
such as fractures, sprains, arthritis, and tendonitis.1-4) It is frequently used to limit local 
dynamic motion and reduce joint pain, swelling, and inflammation with tape, brace, splint, or 
cast.5, 6) However, long-term joint immobilization causes undesirable side effects, such as 
joint stiffness, periarticular osteoporosis, and cartilage degeneration.7) Joint stiffness is 
defined as a decrease in both active and passive ranges of motion (ROMs) of the joint.5) 
Complete joint stiffness causes permanent disability to the affected joints.8) Recovery of the 
full ROM is extremely difficult even with sufficient rehabilitation, surgical intervention, or 
other interventions.8) The pathology of joint stiffness has been studied, and its causes are 
mainly divided into two categories: those of the muscle (myogenic) and those of the 
periarticular structures (arthrogenic).9-11) Myogenic restrictions were defined as caused by the 
muscle, tendon, fascia, and skin.9) Arthrogenic restrictions were defined as caused by bone, 
cartilage, synovial membrane, joint capsule, and ligaments.9) Recent studies have shown that 
arthrogenic factors, particularly those within the joint capsule, play an important role in the 
progression of joint stiffness after immobilization.9, 12-15) Chimoto et al. reported that ROM 
was restricted even after total extra-articular myotomies; however, ROM returned to near 
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normal levels after posterior capsule release in a rat immobilized knee model similar to that 
used this study. Therefore, arthrogenic factors, particularly those of the joint capsule, were 
more important than myogenic factors.16, 17) Although changes of the joint capsule after 
immobilization have not been clarified yet, adhesion, fibrosis, inflammation, and hypoxic 
conditions have been proposed as the possible pathologies.18-21) Ando et al. showed that 
adhesion and shortening of the joint capsule and synovial membrane occurred after joint 
immobilization.22) With regard to fibrosis, significant increases in gene and protein 
expressions of transforming growth factor-β (TGF-β), connective tissue growth factor 
(CTGF), and secreted protein acidic and rich in cysteine (SPARC), which are associated with 
fibrosis, were observed in the joint stiffness model.23, 24) However, Hagiwara et al. reported 
that no change was observed in the gene expressions of collagen type I or III in the capsule 
after joint immobilization.25) Joint capsule elasticity decreased after joint immobilization, 
indicating that the joint capsule became stiffer.11) Furthermore, Yabe et al. reported that joint 
immobilization induced inflammatory and hypoxic conditions in the joint capsule.26) 
Low-intensity pulsed ultrasound (LIPUS) emits pulse waves of much lower 
intensity, at 3 W/cm2, than conventional ultrasound, and Duarte first reported its effect in 
fractures in 1983.27) Subsequently, many additional studies were conducted, and LIPUS is 
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generally well accepted as a safe option in the treatment of bone fractures.28) Various cell 
types, such as cementblasts29, 30), periodontal ligament cells31), 32), synovial membrane cells33) , 
and chondrocytes34) have been known to respond to LIPUS. Furthermore, LIPUS has 
beneficial effects, such as reducing inflammatory response35-37), elastic changes38, 39), and 
fibrotic changes40; restoring angiogenic cells; inducing angiogenesis; and improving hypoxic 
conditions.41) Nakamura et al. reported that LIPUS suppressed the proliferation and growth of 
rabbit synovial fibroblasts stimulated with interleukin-1β (IL-1β) or tumor necrosis factor-α 
(TNF-α), reduced cyclooxygenase-2 (Cox-2) expression, and decreased inflammatory 
response.37) Nagao et al. showed that LIPUS inhibited IL-6 and RANKL expression in 
osteoblasts. 36) Lu et al. reported that LIPUS suppressed the gene expressions of TNF-α, IL-1β, 
and IL-6 as the bone-tendon junction was healing.35) Iwashina et al. and Miyamoto et al. 
examined the effect of LIPUS on intervertebral disc cells and showed that LIPUS increased 
proteoglycan production capacity and amount, leading to increased tissue elasticity.38, 39) Lei 
et al. reported that LIPUS reduced fibrotic changes by down-regulating the 
TGF-β/Smad/CTGF signaling pathway in the penile tissue of diabetic rats.40) Hanawa et al. 
reported that LIPUS up-regulated the gene expressions of vascular endothelial growth factor 
(VEGF), endothelial nitric oxide synthase (eNOS), and basic fibroblast growth factor (bFGF), 
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and increased capillary density and regional blood flow.41) From these results, I hypothesized 
that LIPUS reduces inflammation and hypoxic conditions in the joint capsule after 
immobilization, resulting in prevention of joint stiffness.  
The purpose of this study was to examine effects of LIPUS to prevent joint stiffness 
in immobilized knees in rats.  
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Materials and Methods 
Experimental Design and Surgical Procedure 
Animals 
Ethical approval of this study was obtained by the Animal Research Committee of 
Tohoku University (Approval number: 2013MdA-360). Male mature Sprague–Dawley rats, 
aged 12 weeks, were used in this study (CLEA Japan Inc., Tokyo, Japan). General anesthesia 
was induced by intraperitoneal injections of sodium pentobarbital (50 mg/kg), and the right 
knee joints were firmly immobilized with a plastic plate and two metal screws at 150° flexion 
based on previous reports (Fig. 1).16, 25) The rats were randomly divided into two groups: the 
LIPUS and control groups. Under inhalational general anesthesia with isoflurane, the LIPUS 
group received LIPUS radiation on the immobilized knee joint from the lateral side for 20 
min/day, 5 days/ week until endpoints of the study period (Fig. 2). LIPUS radiation was 
applied using an existing LIPUS device (SAFHSⓇ TEIJIN, 1.5 MHz frequency, 1.0 kHz 
repetition cycle, 200 µs burst width, and 30 mW/cm2 power output), which was widely used 
to treat fractures (Fig. 3). The irradiation condition used in this study was approximately 
equivalent to the previous study using LIPUS. 35-41) The control group was only administered 
general anesthesia without LIPUS irradiation in the same manner as the LIPUS group. I used 
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108 rats, and 36 rats were prepared for joint angle measurements, histological analysis, and 
quantitative reverse transcription polymerase chain reaction (qRT-PCR) at 2, 4, and 6 weeks 
(n=6/ period/group). Each sample was measured or counted in a blinded manner. 
 
Joint angle measurements 
Joint angles were measured with a customized device after lateral X-ray scans of 
the knees were obtained based on previous reports.17, 42, 43) After the rats were sacrificed by an 
overdose of intraperitoneal injection of sodium pentobarbital, the right knee was divided at 
the hip joint, and the muscles were removed while preserving the periarticular tissues around 
the knees.17, 42, 43) Three different torques (450, 900, and 1350 g･cm) were selected to extend 
the knee joint to evaluate ROM.17, 42, 43) A customized device was used to obtain the lateral 
X-ray scans of the knees to measure accurate joint angles with reproducible results (Fig. 
4A).17, 42, 43) The obtained radiograph was used to measure the knee joint angle between the 
longitudinal axes of the femur and tibia (Fig. 4B).17, 42, 43)  
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Tissue preparation  
The rats were sacrificed after the experiment. The rat tissues were, then, fixed by 
perfusion of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4) into the 
aorta.16) After perfusion, the tissues resected around the knee joint were kept in the same 
fixative for 24 h at 4°C and decalcified in 10% ethylenediaminetetraacetic acid for 2 months. 
The specimens were dehydrated with a stepwise series of ethanol solution and embedded in 
paraffin. The embedded tissue was cut into 5-µm thick sagittal sections from the medial to the 
lateral side of the joint. Standardized serial sections of the medial midcondylar region of the 
knee were chosen.16)  
 
Histology and Histomorphometry 
Each section was stained with hematoxylin and eosin to observe the morphological 
changes in the synovial membrane in the anterior and posterior capsules. The length of the 
synovial membrane in the antero-superior, anterior-inferior, posterior-superior, 
posterior-inferior, and outside of the posterior capsule was measured. The anterior and 
posterior capsular areas were separately measured as previously reported (Fig. 5).22) 
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Immunohistochemistry 
Number of blood vessels and macrophages  
Alpha-smooth muscle actin (α-SMA) was used to count the number of blood 
vessels44), and blood vessels were defined as the lumen structure with strong immunostaining 
properties of α-SMA.43) Cluster of differentiation 68 (CD68) was used as a marker for 
macrophage-like type A synoviocyte45) to count the number of macrophages. The sections in 
each period were deparaffinized in a stepwise fashion and immediately soaked in 3.0% H2O2 
solution to inhibit endogenous peroxidase. These sections for staining of α-SMA and CD68 
were predigested with 0.1% trypsin (Wako Chemicals, Tokyo, Japan) and 0.1% CaCl2/Tris 
buffer for 10 min at room temperature. Nonspecific immunoglobulins were eliminated with 
incubation in 10% normal goat serum (Nichirei, Tokyo, Japan) for 30 min at room 
temperature. The slides were then incubated with rabbit polyclonal α-SMA antibody (ab5694, 
Abcam, Cambridge, UK; dilution, 1:100), or mouse anti-rat CD68 antibody (MCA341R, AbD 
Serotec, Raleigh, NC, USA; dilution, 1:400) for 24 h at 4°C. Horseradish peroxidase 
conjugated goat anti-rabbit immunoglobulin (IgG) (Dako, Copenhagen, Denmark) for α-SMA 
and goat anti-mouse immunoglobulin (IgG) (Nichirei) for CD68 were used as secondary 
antibodies for 30 min at room temperature. The final detection step was performed with 
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3,3’-diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO, USA) in 0.1 M imidazole 
and 0.03% H2O2 as the chromogen for 10 min in the dark. Counterstaining was performed 
using Carazzi hematoxylin. Normal rabbit IgG (Dako) for α-SMA and normal mouse IgG 
(Dako) for CD68 were used as the primary antibodies for negative control. All slides were 
stained in one session.22, 26) The images were captured at a magnification of ×100 with light 
microscopy, and the number of blood vessels at the antero-superior, antero-inferior, 
postero-superior, and postero-inferior areas (Fig. 6a-d) and CD68 positive cells at the 
posterior capsular area were counted as previously reported (Fig. 7).26) 
 
Gene expression analyses 
The anterior and posterior joint capsules were carefully collected and immediately 
immersed in 1 mL QIAzol (Qiagen, Hilden, Germany) after the rats were sacrificed. The 
sample was crushed and homogenized with Polytron™ (Kinematica AG, Lucerne, 
Switzerland). Approximately 3–5 µg RNA was obtained from each sample. Total RNA was 
purified with RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). Complementary 
DNA was synthesized using the Cloned AMV First-strand cDNA Synthesis Kit (Invitrogen, 
Carlsbad, CA, USA). PCR efficiencies and relative expression levels of CTGF, TGF-β, 
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SPARC, collagen type I (Col1A1), collagen type II (Col2A1), collagen type III (Col3A1), 
IL-6, TNF-α, tumor necrosis factor-β (TNF-β), interleukin-1α (IL-1α), IL-1β, α-SMA, VEGF, 
hypoxia inducible factor-1α (HIF-1α), and fibroblast growth factor 2 (FGF2), as a function of 
elongation factor 1α1 (EF1α1), were standardized for each pair of the same period and 
calculated as previously described.25) The primer sequences used in the polymerase chain 
reaction are listed in Table 1.  
 
Tissue elasticity measurement  
Scanning acoustic microscopy (SAM) can measure the speed of sound in tissues on a 
glass slide (Fig. 8). The speed of sound is generally proportional to the square root of the 
Young elastic modulus, which indicates that tissues become stiffer as the speed of sound 
increases. A region of analysis by SAM was set in the posterior capsule in each section (Fig. 
9). The images obtained using SAM were converted to a gray-scale image using the image 
analysis software PhotoShop CC 2017 (Adobe Systems Inc., San Jose, CA, USA). In the 
region, the speed of sound, excluding the menisci, bones, and cartilages, was calculated (Fig. 
10). 
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Statistical Analysis  
The differences between the LIPUS and control groups were compared at each time 
point (2, 4, and 6 weeks) using Mann–Whitney U test (qRT-PCR) and unpaired t-test (joint 
angle, length of synovial membrane, the number of vessels, and SAM). All analyzed data 
were expressed as mean ± standard deviation. P value of <0.05 was considered as statistically 
significant. 
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Results 
Joint Angle Changes  
The measurement of the joint angles at each period (2, 4, and 6 weeks) in the LIPUS 
and control groups is shown in Table 2. The longer the experimental period, the more the 
joint angle decreases with time at each torque level. No significant differences were found 
between the LIPUS and control groups at 2 weeks at each torque and at 4 weeks at 450 g·cm 
torque. However, the joint angle in the LIPUS group was greater than that in the control 
group at 4 weeks at 900 and 1350 g·cm torques and at 6 weeks at each torque. 
 
Histological changes of the anterior and posterior synovial membrane  
With regard to changes in the histological appearance of the anterior synovial 
membrane, few adhesions were observed between the synovial membrane in both groups at 4 
weeks (Fig. 11B and E). Adhesions progressed similarly in both groups with time (Fig. 
11A-F). With regard to changes in the histological appearance of the posterior synovial 
membrane at 2 weeks, few adhesions were observed between the synovial membrane around 
the medial meniscus and the postero-superior synovial membrane in both groups (Fig. 12A 
and D). Adhesions progressed at 4 weeks in both groups; however, the progression was lesser 
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in the LIPUS group (Fig. 12B and E). The joint space was filled with adhesions in the control 
group but remained relatively adhesion-free in the LIPUS group at 4 weeks (Fig. 12C and F). 
No significant statistical differences were found in the lengths of the synovial membrane in, 
both, postero-superior and postero-inferior areas between the two groups at 2 weeks (Table 3). 
However, the lengths at 4 and 6 weeks in the LIPUS group were significantly longer than 
those in the control group. No statistical differences were found in the lengths of the 
antero-superior and antero-inferior capsules and the outside length of the posterior capsule, 
anterior capsular area, and posterior capsular area between the LIPUS and control groups at 
any period (Tables 3 and 4). 
 
Changes in the speed of sound in the posterior capsule 
The speed of sound in the posterior capsule gradually changed from low sound speed 
area (blue on SAM) to high sound speed areas (yellow to red on SAM) over the duration of 
the experiment periods in the two groups (Fig. 13A-F). In the LIPUS group, these changes 
progressed gradually until 4 weeks compared with those in the control group (Fig. 13B and E). 
However, these changes were almost comparable to those in the control group at 6 weeks (Fig. 
13C and F). The mean speed of sound in the posterior capsule increased over time in the two 
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groups. The values at 2 and 4 weeks in the LIPUS group were significantly lower than those 
in the control group (Table 5). No significant difference was found in the speed of sound 
between the two groups at 6 weeks. 
 
Fibrotic changes  
With regard to the anterior capsule, the gene expressions of CTGF at 2 weeks, TGF-β 
at 6 weeks, and Col3A1 at 6 weeks in the LIPUS group were significantly lower than those in 
the control group (Table 6). The gene expression of CTGF at 4 and 6 weeks, TGF-β at 2 and 4 
weeks, SPARC at any period, Col1A1 at any period, Col2A1 at any period, and Col3A1 at 2 
and 4 weeks showed no significant differences between the two groups. With regard to the 
posterior capsule, the gene expression of CTGF at 2 weeks, TGF-β at 6 weeks, and Col2A1 at 
2 weeks in the LIPUS group was significantly lower than that in the control group. The gene 
expression of Col1A1 at 6 weeks in the LIPUS group was significantly higher than that in the 
control group (Table 7). The gene expressions of CTGF at 4 and 6 weeks, TGF-β at 2 and 4 
weeks, SPARC at any period, Col1A1 at 2 and 4 weeks, Col2A1 at 4 and 6 weeks, and 
Col3A1 at all periods showed no significant differences between the two groups. 
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Inflammatory changes  
CD68-positive cells were mainly observed on the surface layer of the synovial 
membrane at 2 weeks in the two groups (Fig. 14A and D). However, they were observed 
around the adhesions at 4 weeks, particularly in the control group (Fig. 14B and E). These 
cells decreased at 6 weeks in the two groups (Fig. 14C and F). The number of CD68-positive 
cells showed no significant difference between the two groups at 2 weeks (Table 8). The 
number gradually decreased over time in the two groups and was significantly lower in the 
LIPUS group than in the control group at 4 and 6 weeks.  
With regard to the anterior capsule, the gene expressions of IL-6 and TNF-β at 4 
weeks in the LIPUS group were significantly lower than those in the control group. The gene 
expression of IL-6 at 2 and 6 weeks, TNF-α at any period, TNF-β at 2 and 6 weeks, and IL-1a 
and IL-1b at any period showed no significant differences between the two groups (Table 9). 
With regard to the posterior capsule, the gene expressions of IL-6, TNF-α, and TNF-β at 6 
weeks in the LIPUS group were significantly lower than those in the control group. The gene 
expressions of IL-6 at 2 and 4 weeks, TNF-α at 2 and 4 weeks, TNF-β at 2 and 4 weeks, 
IL-1α at any period, and IL-1β at any period showed no significant differences between the 
two groups (Table 10).  
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Changes of blood vessels  
At 2 weeks, blood vessels with enlarged lumens were widely distributed inside the 
joint capsule in the two groups (Fig. 15A and D). The enlarged blood vessels in the two 
groups decreased in density at 4 weeks, whereas small vessels increased near the adhesion 
area only in the LIPUS group (Fig. 15B and E). At 6 weeks, the small blood vessels, observed 
only in the LIPUS group, decreased and the appearance was similar between the two groups 
(Fig. 15C and F). The number of blood vessels gradually decreased over time in each area, 
particularly in the posterior capsule. The number of blood vessels in the LIPUS group was 
significantly higher than that in the control group at 4 weeks in the antero-superior, 
postero-superior, and postero-inferior areas (Table 11). The number of blood vessels showed 
no significant differences between the two groups in the antero-superior area at 2 and 6 weeks, 
antero-inferior area at any period, postero-superior area at 2 and 6 weeks, and postero-inferior 
area at 2 and 6 weeks. With regard to the anterior capsule, the gene expression of VEGF at 4 
and 6 weeks in the LIPUS group were significantly higher than that in the control group. The 
gene expression of α-SMA at any period, VEGF at 2 weeks, HIF-1α at any period, and FGF2 
at any period showed no significant difference between the two groups (Table 12). With 
regard to the posterior capsule, the gene expressions of α-SMA at 6 weeks and VEGF at 2 and 
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6 weeks in the LIPUS group were significantly higher than those in the control group. The 
gene expressions of α-SMA at 2 and 4 weeks, VEGF at 4 weeks, HIF-1α at any period, and 
FGF2 at any period showed no significant differences between the two groups (Table 13). 
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Discussion 
The most important finding of the present study was that LIPUS had a preventive 
effect on joint stiffness by suppressing adhesion, elastic change, fibrosis, inflammation, and 
hypoxia.  
Joint immobilization gradually results in joint stiffness, which increases over 
time.46) In a previous study that used an immobilized knee model in rats similar to this study, 
a decrease in ROM initiated at 2 weeks, became significant at 4 weeks, and progressed 
thereafter until reaching a plateau at 8 weeks,17) which was also observed in this study. 
However, ROM at 4 and 6 weeks in the LIPUS group was significantly larger than that in the 
control group, showing that LIPUS had a preventive effect on joint stiffness in this model. No 
significant differences were found in the ROM between the LIPUS and control groups at 2 
weeks because the decrease in the ROM was still small at 2 weeks after joint immobilization.  
Adhesion and shortening of the synovial membrane are one of the major 
pathologies of joint stiffness.7, 25) Several studies have reported the appearance of adhesions of 
the synovial membrane and proliferation of the connective tissues within the joint space after 
joint immobilization, and that these connective tissues became fibrous, dense, and 
hypocellular over time.11, 47) The length of the synovial membrane became shorter with the 
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progression of the adhesions,5, 48) and these changes were due to adhesions or atrophy of the 
synovial membrane.5) In this study, slight adhesion of the antero-superior and antero-inferior 
joint capsules started at 4 weeks, and the adhesion slowly progressed until 6 weeks, 
particularly at the antero-inferior joint capsule in the two groups. With regard to the posterior 
capsule, slight adhesions in the postero-superior synovial membrane of the joint started at 2 
weeks, whereas global adhesions started at 4 weeks and progressed until 6 weeks in the 
control group. However, the progression of adhesions was suppressed in the LIPUS group, 
with the joint cavity mostly maintained until 4 weeks, and the cavity remained even at 6 
weeks after immobilization. These results showed that LIPUS was presumed to prevent 
adhesions and shortening of the synovial membrane after immobilization. The length of the 
posterior synovial membrane in the LIPUS group remained significantly longer than that in 
the control group at 4 and 6 weeks. Several studies have suggested that LIPUS can prevent 
adhesions and reduce atrophic changes of the connective tissues.49, 50) Jiang et al. showed that 
LIPUS suppressed adhesions and inflammation around the nerves 12 weeks after nerve 
transplantation, with increased autologous peripheral nerve regeneration rate. Kasahara et al. 
showed that LIPUS reduced atrophic changes of the connective tissue matrix via stimulation 
of collagen synthesis in the periodontal ligament fibroblast.49) In contrast, the length of the 
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antero-superior and antero-inferior synovial membranes decreased slightly until 6 weeks in 
the two groups and showed no significant differences between the two groups at any point. 
The anterior joint capsule area hardly changed in the two groups. In previous studies, the 
histological changes of the anterior area were small after immobilization using the same rat 
model as that used in this study.5, 16, 17, 24) Therefore, histological changes between the two 
groups in the anterior joint capsule area seem to be the same. Furthermore, the outside length 
of the posterior and anterior and posterior capsular areas also showed no significant difference 
between the two groups.  
 Capsular changes with a decrease in capsular elasticity are one of the main 
pathologies of joint stiffness.46) Decreased capsular elasticity is strongly related to connective 
tissue response, and several studies showed that the biochemical compositions of periarticular 
fibrous connective tissues changed after joint immobilization.46, 51-53) Akeson et al. showed 
that the changes in connective tissues included reduction of water and glycosaminoglycans 
without decreased collagen mass after joint immobilization, and suggested that these changes 
were related to joint stiffness because they affected plasticity, flexibility, and lubrication 
efficiency of connective tissue matrices.52) In previous studies, the speed of sound in the 
synovial membrane started to increase at 4 to 8 weeks after immobilization.16, 23, 43) However, 
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a significant difference was found in the speed of sound between the two groups, even at 2 
weeks. A significant difference was found between the two groups at 4 weeks and but not at 6 
weeks in this study. These results suggested that LIPUS suppressed a decrease in joint capsule 
elasticity in the early period of immobilization. Because the influence of immobilization was 
greater than that of LIPUS after 6 weeks, the difference would be disappeared in this study. 
Iwashina et al. reported that LIPUS on normal rabbit intervertebral disc cells increased the 
amount of proteoglycans produced.39) Miyamoto et al. reported similar results using normal 
bovine intervertebral disc cells.38, 54) These effects of LIPUS on the elasticity of the synovial 
membrane after joint immobilization are possibly caused by an increase in water content and 
glycosaminoglycans, which are polysaccharide moieties of proteoglycans.  
Fibrosis of the joint capsule is one of the main pathologies for joint stiffness.18-21) 
CTGF, TGF-β, SPARC, Col1A1, and Col3A1 are factors that play important roles in tissue 
fibrosis.19, 55-60) In previous studies, both, TGF-β 19, 60) and CTGF 57-59) increased in fibrotic 
conditions. In the skin fibrosis model in mice, both, subcutaneous injections of CTGF and 
TGF-β maintained fibrosis.61) The gene expressions of CTGF at 2 weeks and TGF-β at 6 
weeks in the anterior and posterior capsules in the LIPUS group were significantly lower than 
those in the control group in this study. From these data, LIPUS regulated the expressions of 
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CTGF and TGF-β, which were presumed to suppress fibrosis progression and prevent 
stiffness. Several studies reported on the effect of LIPUS on the expressions of CTGF and 
TGF-β. LIPUS reduced fibrotic changes by down-regulating the TGF-β/Smad/CTGF 
signaling pathway in the penile tissues in rats.40) Conversely, some studies also showed that 
LIPUS increased TGF-β in an in vitro model of human annulus fibrous cells or a rat model of 
patellar tendon donor site injury.62, 63) These differences are likely to depend on potency of the 
tissue that was irradiated with LIPUS. For the joint capsule, LIPUS showed an inhibitory 
effect on the gene expressions of CTGF and TGF-β in this study. Previous reports showed that 
SPARC was related to fibrosis in animal models.64, 65) SPARC and TGF-β regulate their 
respective expression or activity.66, 67) In the previous report, the gene expressions of SPARC 
changed, consistent with the changes of the gene expressions of TGF-β after joint 
immobilization.23) These results suggest that SPARC affects fibrotic changes. In this study, 
the gene expressions of SPARC showed no significant difference between the two groups at 
any period in the anterior and posterior capsules. This result showed that LIPUS suppressed 
not all gene expressions involved in fibrosis, but some gene expressions, such as CTGF and 
TGF-β. Collagen types I and III are the major structural collagens of the joint capsule, and 
collagen type I constitutes the majority.68) Collagen type I increases at sites of fibrosis,56) 
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whereas collagen type III is present abundantly at sites that require high levels of mechanical 
compliance.69) The changes in the structural collagens are one of the most important factors to 
understand the pathologies for joint stiffness.21) Several studies showed different contents of 
structural collagens in the joint capsule after joint immobilization.21, 56, 70) Matsumoto et al. 
showed high collagen type I and low collagen type III levels,21) Hildebrand et al. showed high 
collagen types I and III levels,70) and Schollmeier et al. showed no changes of collagen type I 
or III.56) In this study, LIPUS decreased the gene expressions of Col3A1 at 6 weeks and did 
not affect gene expressions of Col1A1 in the anterior capsule. In contrast, LIPUS increased 
the gene expressions of Col1A1 at 6 weeks and did not affect gene expressions of Col3A1 in 
the posterior capsule. Explaining whether this effect was beneficial for suppressing joint 
stiffness is difficult because changes of structural collagens after immobilization are 
controversial. However, LIPUS has been suggested to have some influence on collagen 
structures after joint immobilization. Several studies have reported the effect of LIPUS on 
changes of structural collagens. LIPUS showed significant upregulation of collagen type I 
gene expression at the tendon graft–bone interface in rabbits.71) Fu et al. reported that LIPUS 
increased the gene expressions of Col1A1 and Col3A1 and changed structural collagens in 
healing patellar tendons in a rat model of patellar tendon donor site injury. 62) Sparrow et al. 
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showed that LIPUS increased the proportion of collagen type I in a rat collateral 
ligamentotomy model, providing superior early structural properties.72) These effects of 
LIPUS were seen also in this study. However, the results were different in the anterior and 
posterior joint capsules, which may be due to the slight motion of the patella during walking, 
or some increase of the joint laxity due to muscle atrophy influenced these changes in the 
structural collagens in the anterior capsule. Collagen type II is one of cartilage specific 
extra-cellular matrix molecules and a major factor of chondrogenic changes.73) The previous 
report showed that the gene expressions of Col2A1 were significantly higher in the joint 
capsule from idiopathic frozen shoulders, and fibrotic and chondrogenic process coexisted.13) 
In this study, LIPUS decreased the gene expressions of Col2A1 at 2 weeks in the posterior 
capsule. Although some reports showed LIPUS-accelerated chondrogenic gene expressions, 
such as Col2A1 in vitro,74-76) the result in this study showed the opposite changes. The reason 
of these differences might be due to some experimental methods, such as in vivo or in vitro, 
or the result of suppression of coexisting fibrosis. 
Inflammation is also considered one of the main causes of joint stiffness.18-20) 
Macrophages produce inflammatory cytokines and profibrotic mediators, which stimulate 
fibroblasts. Therefore, inflammation plays an important role in fibrosis.77, 78) In a previous 
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study, macrophages were observed around the synovial membrane at 1 week after joint 
immobilization, increased in the adhesion area at 2 weeks, and gradually decreased.23) The 
number of CD68-positive cells in the LIPUS group was significantly lower than that in the 
control group, implying that LIPUS suppressed macrophage migration in this study. Some 
studies have reported the effect of LIPUS on macrophage migration. Chung et al. reported 
that LIPUS markedly attenuated neutrophil and macrophage infiltration on complete Freund 
adjuvant-induced arthritis synovium.79) However, Iwabuchi et al. and Omi et al. reported that 
LIPUS increased macrophage migration in intervertebral disc cells based on herniated disc 
model in rats and disc organ cultures from rabbits.80, 81) These differences might be due to 
differences in the irradiated tissue or the experimental methods, such as in vivo or in vitro. In 
this study, LIPUS showed the effect of suppressing macrophage migration.  
Several studies have reported on the gene expressions of inflammatory cytokines in 
the synovial membrane after joint immobilization. Michelsson et al. reported that on 
histological examination, expression of IL-6 increased from 4 days after joint immobilization 
and decreased at 1 week, and IL-6 was subsequently significantly higher thereafter in this 
group compared with the sham-operated group.82) These data might indicate that joint 
immobilization prolonged inflammation that appeared after surgical intervention. Another 
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previous study reported that gene expressions of proinflammatory cytokines, such as IL-1α, 
IL-1β, TNF-β, and IL-6, significantly increased at 1 day and 1 week, and then decreased at 4 
weeks after joint immobilization, and were significantly higher in this group compared with 
the sham-operated group.26) In this study, the gene expressions of IL-6 and TNF-β at 4 weeks 
in the anterior capsule and those of IL-6, TNF-α, and TNF-β at 6 weeks in the posterior 
capsule significantly decreased in the LIPUS group. These data might indicate that LIPUS 
suppressed inflammation at longer experimental periods after immobilization. The gene 
expressions of IL-1α and IL-1β showed no significant difference between the two groups at 
any period in the anterior and posterior capsules. These results indicated that LIPUS did not 
suppress all proinflammatory cytokines, except for IL-6, TNF-α, and TNF-β. Several reports 
showed that LIPUS has anti-inflammatory effects. Nakamura et al. demonstrated that LIPUS 
down-regulated Cox-2 and PGE2 expressions in IL-1β or TNF-α-stimulated synovial 
membrane cells in vitro.33, 37) Nagao et al. showed that LIPUS inhibited IL-6 and RANKL 
expression via inhibition of PGE2 and COX-2 expressions in osteoblasts.36) Lu et al. reported 
that LIPUS suppressed the gene expressions of TNF-α, IL-1β, and IL-6 as the healing time of 
the bone–tendon junction progressed.35) These reports also support anti-inflammatory effects 
of LIPUS after joint immobilization.  
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Hypoxia induces inflammation and is considered as an important factor of joint 
stiffness.26) The number of blood vessels in the synovial membrane and joint capsule 
decreased after joint immobilization over time, indicating a decrease in blood flow, resulting 
in hypoxic conditions in the capsule.83) In this study, the reduction in the number of blood 
vessels was suppressed until 4 weeks in the LIPUS group. Enlarged blood vessels in the two 
groups decreased at 4 weeks, whereas small vessels increased near the adhesion area only in 
the LIPUS group. This might indicate that LIPUS suppressed reduction of blood vessels and 
increased the formation of new blood vessels. Several reports have showed an effect of 
LIPUS on angiogenesis. LIPUS promoted angiogenesis and collagenases in the healing of 
chronic venous wounds,84) angiogenesis in acute myocardial infarction in a mouse model, 85) 
and in myocardial ischemia in a porcine model.41 ) Although LIPUS has an effect on 
angiogenesis, the number of blood vessels was not significantly different between the two 
groups at 6 weeks in this study, which may be due to the transient effects of LIPUS on 
angiogenesis in this study. Previous studies have showed that hypoxia led to an increased 
gene expression of angiogenic factors, such as HIF-1α, α-SMA, and VEGF.86-88) HIF-1α 
increases gene expression related to angiogenesis, such as VEGF, and their signaling plays an 
important role in maintaining the oxygen supply and vascular density in sites of hypoxia.88-92) 
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In this study, the gene expression of α-SMA was significantly higher in the LIPUS group at 6 
weeks, and that of VEGF was significantly higher in the LIPUS group at 2 and 6 weeks in the 
posterior capsule. These results suggest that LIPUS promoted angiogenesis to improve 
hypoxia. Increased expression of VEGF at 2 weeks in the LIPUS group might be related to 
the appearance of small vessels at 4 weeks. Increased gene expressions of α-SMA and VEGF 
at 6 weeks in the LIPUS group might indicate that LIPUS improved the hypoxic state. Several 
studies reported that LIPUS promoted gene expressions related to angiogenesis, such as 
VEGF.85, 93, 94) In this study, LIPUS stimulated the gene expressions related to angiogenesis, 
which was similar to that observed in those studies. Some differences were found in the 
results of the anterior and posterior capsules, which might be due to the posterior capsule 
changing more dynamically than the anterior one in this rat model. However, no significant 
difference was found in the gene expressions of HIF-1α between the two groups at any period. 
The previous report showed increased gene expressions of HIF-1α only at the first day after 
immobilization. 26) LIPUS might not affect the gene expression of HIF-1α or might have 
influenced it at an earlier period of less than 2 weeks. In addition, FGF2 is also one of the 
angiogenetic factors that is induced under hypoxic conditions.95) The previous report showed 
that stabilization of HIF-1α-stimulated FGF2 activity.96) The gene expression of FGF2 had a 
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significant difference between the immobilized and sham-operated groups only in the anterior 
capsule at 1 day after immobilization in the previous report.26) In this study, no significant 
difference was found in the gene expression of FGF2 between the two groups at any period. 
This difference could be explained by FGF2 changing at a much earlier time similar to 
HIF-1α.    	  
This study is the first to investigate the preventive effects of LIPUS on joint 
stiffness in an immobilized knee model in rats. It is believed that hypoxia, adhesion, and 
elastic change occur in the joint capsule after joint immobilization, and hypoxia induces 
inflammation, which induces fibrosis, and these pathological conditions cause stiffness of the 
joint capsule with ROM restriction. LIPUS suppressed a decrease of ROM restriction after 
joint immobilization. In addition, LIPUS suppressed the factors related to stiffness, such as 
adhesion, increased elasticity of joint capsule, fibrosis, inflammation, and hypoxic condition 
after joint immobilization. These results suggest that LIPUS had multiple effects and 
consequently suppressed joint stiffness (Fig. 16).  
LIPUS has already been clinically applied as an adjunctive treatment for fractures, 
and its safety is proven. 28) Based on the results of this study, verifying the effect of LIPUS on 
joint stiffness in future clinical studies is necessary. Data in this study may be useful for 
34 
 
setting sample sizes in clinical studies. Furthermore, the effects of LIPUS, such as decreasing 
adhesion, elastic change, fibrotic change, inflammation, and hypoxia response, not only have 
the preventive effect of joint stiffness but also have the possibility of progressing into other 
pathologies, such as shoulder periarthritis or rheumatoid arthritis. 
This study had several limitations. First, whether the irradiation condition is optimal  
is unknown because the existing LIPUS device for fracture treatment was used. Second, I did 
not evaluate the effect of LIPUS at an earlier period less than 2 weeks. Because the 
pathological changes are presumed to be more prominent at the earlier period, I need to 
investigate the changes at the earlier period after joint immobilization in future studies. Third, 
I did not observe the actual blood flow when evaluating hypoxic condition. Hypoxia was 
indirectly presumed from the results in the number of blood vessels and the gene expressions. 
Hypoxia should be assessed with direct methods in future studies. Fourth, I did not examine 
the effect of LIPUS on other myogenic and arthropathic factors. Finally, I did not quantify 
protein expressions related to pathogenesis. 
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Conclusions 
This study demonstrated that LIPUS can prevent joint stiffness. LIPUS has been 
suggested to have multifaceted effects of decreasing adhesion, elastic change, fibrotic change, 
inflammation, and hypoxic response after joint immobilization. 
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Figure and table legends 
 
Figure 1. Methods of joint immobilization.  
(A) Metal screws and plastic plate. (B) Appearance of the fixation in the right knee divided at 
the hip joint and muscle removal. (C) X-ray image of the knee after joint immobilization. 
Arrows indicate the position of metal screws.  
 
Figure 2. Schematic illustration of the appearance of low-intensity pulsed ultrasound 
(LIPUS) irradiation.  
Rats were irradiated with LIPUS under general anesthesia. LIPUS irradiation was performed 
on the immobilized knee joint from the lateral side. 
 
Figure 3. Appearance of low-intensity pulsed ultrasound irradiation device.  
SAFHSⓇ TEIJIN: frequency at 1.5 MHz, repetition cycle at 1.0 kHz, burst width at 200 µs, 
and power output at 30 mW/cm2  
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Figure 4. Methods of joint angle measurements.  
(A) Schematic illustration of the customized device used to measure the joint angle. (B) The 
knee joint angle was measured between the longitudinal axis of the femur and a line passing 
through the center of the ankle joint and the center of the eminence of the tibia. 
 
Figure 5. Methods of measuring the synovial membrane length and capsular area.  
The length of synovial membrane in the (a) antero-superior, (b) anterior-inferior, (c) 
posterior-superior, and (d) posterior-inferior capsules, and (e) outside the posterior capsule 
was measured. (f) Anterior and (g) posterior capsular area were measured. 
 
Figure 6. Evaluated area for alpha smooth muscle actin.  
The number of blood vessels in the (a) antero-superior, (b) anterior-inferior, (c) 
posterior-superior, and (d) posterior-inferior area was separately measured. 
 
Figure 7. Evaluated area for counting cluster of differentiation 68 (CD68)-positive cells. 
The number of CD68-positive cells in the yellow area was counted. Asterisks: Posterior 
capsular area. 
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Figure 8. Scanning acoustic microscopy (SAM).  
(A) Appearance of SAM and (B) block diagram of SAM. This device measures the speed of 
sound in tissues on slide glass. 
 
Figure 9.  Evaluated areas for scanning acoustic microscopy.  
The area indicated by the square was scanned with scanning acoustic microscopy. Asterisks: 
evaluated areas. 
 
Figure 10. Evaluated areas for measuring the speed of sound.  
The speed of sound in the region surrounded by the broken line was calculated. 
 
 
Figure 11. Histological appearance of the anterior synovial membrane.  
Adhesion progressed similarly in the two groups (A-F). F: Femur, T: Tibia, M: Meniscus, JS: 
Joint space, Asterisks: adhesion area. Scale bars=500 µm.  
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Figure 12. Histological appearance of the posterior synovial membrane.  
(A-F) Changes in the histological appearance of the postero-superior area of the synovial 
membrane. Compared with the control group, the progression of adhesion was suppressed in 
the LIPUS group, and the joint space remained wider in this LIPUS group (A-F). F: Femur, T: 
Tibia, M: Meniscus, JS: Joint space, Asterisks: adhesion area. Scale bars=500 µm.  
  
Figure 13. Gradation color images of scanning acoustic microscopy (SAM) in the posterior 
capsule.  
(A-F) Observation of the posterior capsule using SAM. (G) Gradient color table in SAM. The 
low sound speed (blue) area gradually changed into a high sound speed area (green to red) 
over time in both the groups. The change was slower in the LIPUS group than that in the 
control group (A-F).  
  
Figure 14. Inflammatory changes in the posterior capsule.  
(A-F) Observation of cluster of differentiation 68 (CD68)-positive cells by 
immunohistochemistry. CD68-positive cells were mainly observed at the surface layer of 
synovial membrane at 2 weeks (A and D). CD68-positive cells at the surface of the synovial 
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membrane gradually decreased in both groups. CD68-positive cells were observed around the 
adhesion area at 4 weeks, particularly in the control group (B and E). CD68-positive cells 
further decreased in both groups at 6 weeks (C and F). M: Meniscus, JS: Joint space. Black 
Arrowheads: CD68-positive cells. Asterisks: Adhesion area. Scale bars in figure A and D=50 
µm. Scale bars in figure B, C, E, and F=100 µm. 
 
Figure 15. Immunohistochemistry of alpha-smooth muscle (α-SMA) actin in the 
postero-superior area. 
(A-F) Immunohistochemistry of α-SMA in the postero-superior area. The blood vessels with 
large cavities were widely distributed inside the joint capsule in both groups at 2 weeks (A 
and D). The large blood vessels decreased in both groups at 4 weeks, whereas small vessels 
increased near the adhesion area in the LIPUS group (B and E). At 6 weeks, the small blood 
vessels also decreased, and the histological appearance was similar between the groups (C and 
F). M: Meniscus, Asterisks: Adhesion area, Black arrowheads: small vessels. Scale bars=100 
µm.  
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Figure 16. Schema of the effect of low-intensity pulsed ultrasound (LIPUS) on immobilized 
joint.  
Hypoxia, inflammation, fibrosis, adhesion, and decreased elasticity of the joint capsule were 
induced after joint immobilization. LIPUS suppressed the factors related to joint stiffness and 
ROM restriction, such as adhesion, elastic change, fibrosis, inflammation, and hypoxic 
condition. LIPUS suppressed joint stiffness after joint immobilization.  
 
Table 1. Polymerase chain reaction primer sequences. 
 
Table 2. Changes in the joint angle after immobilization.   
 
Table 3. Measurement of length of the synovial membrane. 
 
Table 4. Measurement of area of the capsule. 
 
Table 5. Changes in the sound speed in the posterior capsule. 
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Table 6. Gene expressions related to fibrosis in the anterior capsule.  
 
Table 7. Gene expressions related to fibrosis in the posterior capsule.  
 
Table 8. The number of cluster of differentiation 68-positive cells in the posterior capsule.   
 
Table 9. Gene expressions related to inflammation in the anterior capsule.  
 
Table 10. Gene expressions related to inflammation in the posterior capsule. 
 
Table 11. Changes of the number of blood vessels. 
 
Table 12. Gene expressions related to vascularization in the anterior capsule.  
 
Table 13. Gene expressions related to vascularization in the posterior capsule.  
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・ LIPUS suppressed reduction of blood 
vessels and increased the formation of new 
blood vessels in this study.  
・ The gene expressions of α-SMA and VEGF 
were significantly higher in the LIPUS group 
in this study.  
・ No significant difference was found in the 
gene expressions of HIF-1α and FGF2 
between the two groups in this study.  
 
 
 	
・ LIPUS suppressed macrophage migration in 
this study .   
・ The gene expressions of IL-6, TNF-α, and 
TNF-β  significantly decreased in the LIPUS 
group in this study.   
・ The gene expressions of IL-1α and IL-1β 
showed no significant difference between the 
two groups at any period in this study. 	
・ The gene  expressions of CTGF and TGF-β 
were significantly lower in the LIPUS group 
in this study.  
・ The gene expressions of SPARC showed no 
significant difference between two groups in 
this study. 
・ LIPUS might have some influence on 
collagen structure in this study.  
・ Explaining whether this effect was 
beneficial in suppressing joint stiffness is 
difficult. 
 
 
 	
v	
・ LIPUS was presumed to prevent 
adhesions and shortening of the synovial 
membrane in this study.  	
v	
・ LIPUS suppressed a decrease in joint 
capsule elasticity of the joint capsule in the 
early period of immobilization in this study.  
・ These effects of LIPUS are possibly 
caused by an increase in water content and 
glycosaminoglycans. 
・ Some influence on water content and 
glycosaminoglycans was not evaluated in 
this study. 	
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